;
). GS assumes that the visual field is initially represented, in parallel, as a set of basic stimulus attributes in different dimensional modules (such as color, orientation, etc. ). Each module computes saliency signals for all stimulus locations, indicating the feature contrast between one particular item relative to the various other items represented within the same module: The more dissimilar an item is compared to the others, the greater its saliency (see also ; , ). Maps of saliency signals are computed in parallel in all modules, and then these signals are summed onto a master map of activations. The activity on the master map guides focal attention, the most active location being sampled with priority (see also ; ). Focal attention gates the passage of information to higher stages of processing (visual object recognition and response systems). Thus, any odd-one-out feature target will generate a strong contrast signal within its own dimension. Even given some variability due to noise, the target's saliency signal on the master map should always be larger than those of distractor items, and attention should always be deployed first to its location. Koch & Ullman, 1985 However, recent work ( ; ; ) has demonstrated that bottom-up models such as early versions of GS are, in a crucial respect, incomplete as an account of singleton feature search-in particular, when the dimension defining the target is uncertain on a trial (i. e. , variable across trials). Dimensional variability produces two related effects: (a) a cross-dimension search cost and (b) a dimension-specific intertrial effect. The cross-dimension search cost refers to the finding that search reaction times (RTs) are increased when the target dimension is unpredictable on a trial (cross-dimension search) relative to when the target feature is unpredictable (intradimension search), without there being an RT cost for intradimension search relative to a control condition in which both the target dimension and feature value are certain. The dimension-specific intertrial effect refers to the finding that the detection of a target on a given trial is delayed when the target dimension changes from the preceding to the current trial, but not when the target feature value changes (with the dimension remaining constant). These effects are inconsistent with the assumption that saliency signals from relevant dimensions are integrated by the master map units in a parallel and weighted fashion. Müller and his colleagues ( ; ) took this pattern of effects to argue for a of visual search for singleton feature targets. Similar to visual search theories such as GS, this account assumes that attention operates on a master map of integrated (summed) saliency signals derived separately in dimensionspecific input modules. However, unlike (earlier versions of) GS, intradimensional saliency processing is attentionally weighted prior to signal integration by the master map units. The greater the weight assigned to the target dimension, the greater the rate at which evidence for a feature difference within this dimension accumulates at the master map level. In the intradimension conditions described above, the target dimension was always constant and so weighted consistently, permitting rapid search. However, in the cross-dimension condition, the search involved a time-consuming weightswitching process to determine the target's dimension and render it salient at the master map level. The weight setting established in this process persists into the next trial, producing a dimension-specific RT advantage for a target defined within the same dimension as the preceding target. The crucial assumption is that there is a limit to the total attentional weight available to Found & Müller, 1996 Müller et al. , 1995 dimension-weighting account be allocated at any one time to the various dimensions of the target object, with potential target-defining dimensions being assigned weight in accordance with their instructed importance (intentionally), their variability across trials (automatically), or both. In terms of brain mechanisms, dimensional weighting is likely to be implemented in terms of the neural biasing of dimension-specific coding mechanisms in extrastriate (and perhaps primary) visual cortex in response to control signals originating in frontal cortex (see the functional-imaging studies of , and ).
Corbetta, Miezin, Dobmeier, Shulman, & Petersen, 1991 Pollmann, Weidner, Müller, & von Cramon, 2000 In subsequent work, demonstrated that cross-dimension search for singleton feature targets proceeds in parallel in multiple dimensions (e. g. , ; ), rather than serially, in only one dimension at a time (e. g. , ;
). Krummenacher et al. adapted the redundant-target search paradigm (e. g. , ) to cross-dimension search, permitting race model inequality (RMI) to be tested. Miller's (1982) Normally in redundant-target search, there can be one or two targets in the display. Serial search models predict a redundancy gain such that mean RTs should be faster when there are two targets than when there is only one, simply because one of two targets has a higher chance of being encountered early in the search than a single target. However, analysis of the entire distribution of RTs may reveal a specific form of redundancy gain that is inconsistent with any strictly serial model. demonstrated that all models that assume that each target produces an independent, separate activation must satisfy the following RMI: (RT < /T & T ) = (RT < /T ) + (RT < /T ), where is the time since display onset and T and T are Targets 1 and 2. One requirement of this inequality is that the fastest RTs to displays with redundant targets be no faster than RTs to displays with single targets; however, fast RTs may happen more often with redundant targets. Violation of this inequality constitutes evidence against serial processing.
Miller (1982)
Applied to cross-dimension search, varied the number of dimensions on which a single target was defined (instead of varying the number of targets in a display), for example, color only or orientation only (singly defined targets), or color and orientation simultaneously (redundantly defined target). It could then be examined whether only one dimension (dimension-specific saliency signal) at a time can activate a response-relevant (e. g. , master map) representation, or whether there is coactivation from multiple dimensions. Krummenacher et al. found not only that RTs to redundantly defined targets were on average faster than RTs to singly defined targets (mean RT redundancy gain), but also that the fastest RTs to redundantly defined targets were faster than the fastest RTs to singly defined targets, violating the RMI. The second finding constitutes strong evidence against serial processing of dimensions and in favor of parallel-coactive processing. That is, in terms of the dimension-weighting account, feature contrast signals in multiple dimensions can combine to raise the target's activation on the master map above the value achieved by a single dimensional saliency signal.
Krummenacher et al. (2001)

Locus of Dimensional-Uncertainty and Redundancy Effects
Although the notion of dimension weighting as such is agnostic with respect to the locus of dimensionaluncertainty and redundancy effects, Müller and his colleagues (e. g. , ) interpreted these effects as arising at a perceptual stage of processing (see also ). This interpretation has recently been challenged by , who argued that these effects reflect response stage processes. Müller et al. , 1995 Treisman, 1988 Cohen and Magen (1999 On the basis of theories such as GS ( ; ), Müller and his colleagues ( ; ) assumed that dimensional-uncertainty effects reflect the operation of a supradimensional saliency representation, the master (overall activation) map, which serves two functions: to guide focal attention to the target and to support target detection. Concerning the latter, suggested that detection responses may be based "more or less directly on ... the 'master map of activations/locations' (coding the location of objects to be attended responded to) without waiting for complete object knowledge to become available" (p. 99). On this account, dimensional-uncertainty and 
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In contrast, the dimensional uncertainty, intertrial transition, and redundant-target definition effects are also consistent with response-based accounts that assume that the effects are generated at the level of response selection. A prototypical response-based model was proposed by to account for redundancy gains violating the RMI when stimulus displays contained only one or two objects presented at fixed locations near central fixation. For example, in their Experiment 1, participants were presented with a single central letter: an , , or , colored green, cyan, or purple; participants had to produce a go-response (go/no-go task) whenever the stimulus was an , irrespective of its color, or green, irrespective of its shape. Mordkoff and Yantis assumed separate decision devices within each dimension, one for the shape and one for the color dimension, whose outputs are integrated by a common response output stage. Note that the intradimensional decisions required identification of the precise target shape and color features, respectively, rather than mere target detection as required in the singleton feature search experiments of Müller and his colleagues ( ; ; ). Thus, applying the Mordkoff and Yantis account to singleton feature search, it would be sufficient for the dimension-specific decision devices to accumulate evidence for the presence of a target (a saliency signal) within the respective dimensions. Such a model could explain effects of dimensional uncertainty in singleton feature search by assuming that intradimensional search (target-defining dimension fixed) requires the use of a single response selection mechanism, whereas cross-dimensional search (target-defining dimension variable) requires the use of multiple mechanisms. Similarly, dimension-specific intertrial transition effects in cross-dimension search can be explained by assuming that the relevant response selection mechanism, or its connection to the response output stage, is primed (i. e. , weighted) by repeated targets within the same dimension. A similar account could be derived for detection RTs to dimensionally redundant targets violating the RMI: Redundant targets activate separate dimension-specific response selection mechanisms that drive the (common) response output stage in a parallel-coactive manner. Thus, on this account, the dimension-specific uncertainty, intertrial transition, and redundant-target definition effects arise at a response-related processing stage: dimension-specific decision devices or their connections to an integrating response output mechanism.
Mordkoff and Yantis (1993)
However, for this response-based account to work, it must specify how the dimension-specific decision devices compute their decisions. The most immediate possibility, illustrated in A Figure 1 -A: Illustration of response-based model to account for coactive processing of a dimensionally redundant singleton target. The target is both the only red item (amongst green items) in the color dimension and the only right-tilted item (amongst vertical items) in the orientation dimension. The target (and distractor) features are registered in dimensionally organized feature maps, with feature-specific decision units pooling activity across separate maps. If target-relevant, these units are permitted to activate an integrating response output (detection) unit. Because the feature-specific decision units (and, as a consequence, the response output unit) pool activity across feature maps, coactivation of detection response by dimensionally redundant targets is not spatially specific. B: Illustration of perceptual model to account for coactive processing of a dimensionally redundant singleton target. The early stages of the model work similarly to the responsebased model illustrated in Panel A, except that a saliency map is computed separately for each input dimension. These dimension-specific saliency signals are then integrated (in a weighted fashion) by units in an overall-saliency map, which supports both detection responses and the allocation of focal attention.
Because the saliency signals are computed and integrated separately for each stimulus location, the resulting coactivation effects are spatially specific. Figure 1A , is to assume dimensionally organized maps of feature detectors, with the decision devices pooling activity across maps coding features that the target can take on within a given dimension (e. g. , in the experiments of : red or blue, but not green, within the color dimension, and left-or right-tilted, but not vertical, within the orientation dimension). When firing, such a pooling decision unit would signal that a feature target is present within a given dimension, without carrying information as to the target's location (or, for that matter, the precise target feature if several alternative features are mapped onto the decision unit). Note that such pooling devices were proposed by ; ) in her feature integration theory, to explain target detection without localization. However, the response-based account would not assume (or, rather, would not have to assume) the existence of dimension-specific maps of saliency units and/or a master map of integrating overall-saliency units. Recall that these are the crucial processing stages in the perceptual account of Müller and his colleagues, illustrated in B , which posits that saliency signal computation in dimensional input modules or the integration of the saliency signals by master map units is attentionally weighted. Thus, the response-based account may be assumed to explain redundancy gains by dimension-specific, but location-nonspecific response selection devices that drive a common response output stage in a parallelcoactive manner. In contrast, the dimension-weighting account of Müller et al. ( ; ) assumes that the redundancy gains are produced by dimension-and location-specific saliency signals that can (if they arise from the same location) combine to coactivate a master map unit signaling the presence of an odd-one-out item at its location. Consequently, according to the former account, redundancy gains should arise both when displays contain a single target defined redundantly in two dimensions and when there are two separate targets, one defined in the first and the other in the second dimension. In both Found & Müller, 1996 Müller et al. , 1995 cases, the dimension-specific response selection devices would be activated to the same extent, so that the redundant-target effects should display no difference. In contrast, according to the dimension-weighting account, redundant-target effects should be greater with a single target defined in two dimensions than with dual targets defined in two dimensions, because location-specific overall-saliency units would be coactivated in the former, but not in the latter case. Or, at least, they would be less activated in the latter case, assuming that overall-saliency units have receptive fields encompassing nearby dimension-specific saliency units. If so, redundancy gains with two targets defined in separate dimensions should be dependent on the targets' spatial separation (i. e. , decrease with increasing separation).
The present study attempted to decide between these alternatives by examining whether two redundant targets defined in separate dimensions produce smaller redundancy gains than a single redundant target defined in two dimensions (Experiment 1) and whether the redundancy gains produced by two redundant targets defined in different dimensions decrease as a function of their spatial separation (Experiment 2). A follow-up experiment (Experiment 3) examined whether coactive processing of redundant targets defined in separate dimensions critically depends on spatial attention.
Experiment 1
In Experiment 1, search displays consisted of green vertical bars as distractors and could contain single targets defined by color only (red or blue) or by orientation only (left-tilted or right-tilted), single targets defined in both dimensions (red-left, red-right, blue-left, blue-right), or two separate targets, one defined in one and the other in the other dimension (red & left, red & right, blue & left, blue & right). In the dimensionweighting account, dual (redundant) targets defined in different dimensions were expected to produce smaller redundancy gains than single redundant targets defined in two dimensions, and the gains were expected to decrease with increasing spatial separation between the dual targets. The reason is that the overall saliency units integrate dimensional saliency signals in a location-specific (distance-scaled) manner. In contrast, no difference between single and dual redundant targets (i. e. , more generally, no distance effects) were expected in the response-based account. The reason is that the pooling dimensional response selection units will be activated, and in turn will coactivate the response output unit, to the same extent regardless of whether the locations of the target features in the two dimensions coincide.
In addition to dual targets defined in different dimensions, search displays could contain two separate targets defined within the same dimension (red & blue, left & right). Again, the two alternative accounts make differential predictions concerning both redundancy gains and distance scaling. The dimension-weighting account predicts that redundancy gains are somewhat smaller in size than those with two targets defined in separate dimensions and distance scaled. The reason for the smaller gains is that, because of the logic of feature difference computation (e. g. , ), each of two targets defined within the same dimension would achieve a somewhat reduced dimension-specific saliency. In contrast, in the responsebased account, there should be no reduction in redundancy gains relative to dual targets defined in separate dimensions and no distance scaling. According to the dimension-weighting account, redundancy gains would arise as a result of coactivation of an overall-saliency unit by two spatially separate saliency signals within a single dimension (in the same way as coactivation by two spatially separate signals in two dimensions). In contrast, according to the response-based account, redundancy gains would arise from the coactivation of a single dimensional decision unit by two target feature signals within the relevant dimension. That is, with dual targets defined in the same dimensions, coactivation would occur at the dimension-specific decision stage (rather than the subsequent response output stage, as with dual targets defined in separate dimensions).
Cave & Wolfe, 1990
Method
Participants.
Eight observers participated in the Experiment 1 (which was conducted at Birkbeck College, University of London). Their ages ranged between 22 and 33 years ( = 27. 2); 4 were female and 4 male. All observers had normal vision (including color vision). Observers were paid at a rate of £5. 00 per hour.
M
Apparatus.
Observers viewed the display from a distance of 57 cm (22. 44 in. ), with eye-screen distance maintained through the use of a chin rest. The experiment was conducted in a darkened room with dim background lighting to prevent screen reflections. Stimuli were presented on a Sony Trinitron Multiscan 17sfII color monitor (frame rate 60 Hz), controlled by a Dell P75 computer. Observers responded by pressing the left or right mouse button with the index finger of the left or right hand, respectively. The mouse track ball was removed to increase the accuracy of the timing ( ). RTs and error rates were recorded by the computer. A computer-generated error feedback signal (a "bleep") was given when an erroneous response was made.
Segalovitz & Graves, 1990 Stimuli and timing.
The display consisted of a matrix of 6 × 6 bar stimuli (see The arrangement of the bars within the display matrix was slightly jittered, with the horizontal distance between adjacent bars varying between 1. 5° and 1. 8° of visual angle and the vertical distance between 1. 8° and 2. 0°. All nontarget (distractor) items were green vertical bars, and targets were either color-defined (red vertical or blue vertical bars), orientation-defined (green 45° left-tilted or 45° right-tilted bars), or defined by a combination of color and orientation (red or blue 45° left-or right-tilted bars). There were four target conditions: (a) single nonredundant targets (i. e. , a red vertical, a blue vertical, a green left-tilted, or a green right-tilted bar), (b) single targets redundantly defined in two dimensions (i. e. , a red left-tilted, a red righttilted, a blue left-tilted, or a blue-right tilted bar), (c) dual (redundant) targets each defined in a different dimension (i. e. , one red and one left-tilted, one red and one right-tilted, one blue and one left-tilted, or one blue and one right-tilted bar), and (d) dual (redundant) targets both defined in the same dimension (i. e. , one red and one blue or one left-and one right-tilted). Targets were presented at one or two randomly selected locations of the inner 4 × 4 display matrix to avoid edge effects, that is, slower detection of target items presented at the edge of a display. Observers were not informed of this. Observers had to respond as rapidly and as accurately as possible to the presence or absence of a target within the trial display. A target-present response was to be given whenever there was at least one target (i. e. , irrespective of whether there was a single or whether there were dual targets) in the display.
Results and Discussion
The analysis of the RT data is subdivided into two sections examining the mean redundancy gains and RT distributions, respectively. Only trials with correct responses were included in the RT analyses. Further, to eliminate anticipatory or delayed reactions, RTs at the extreme ends of the distribution (shorter than 100 ms and longer than 1,000 ms; less than 1% of the data) were excluded from the analyses. Table 1 presents the mean correct positive (target-present) RTs, and associated error rates, for single nonredundant targets, single targets redundantly defined in two dimensions, dual (redundant) targets each defined in a different dimension, and dual (redundant) targets both defined in the same dimension. Also given are the mean RT redundancy gains relative to the fastest single-feature target (see Gain ) and relative to the average of both single-feature targets (see Gain ).
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RTs were slower for single nonredundant targets ( = 436 ms) relative to all types of redundant target. For the redundant-target conditions, overall RTs were slowest for dual targets both defined in the same dimension ( = 418 ms), intermediate for dual targets each defined in a different dimension ( = 411 ms), and fastest for single targets redundantly defined on both dimensions ( = 401 ms). A repeated-measures analysis of variance (ANOVA) of the positive RTs revealed the main effect of target condition to be significant, (3,21) = 19. 02, = 130. 83, <. 001. Post hoc contrasts revealed RTs to single nonredundant targets to be significantly slower than RTs to dual (redundant) targets defined in the same dimension, (1,7) = 13. 07, = 207. 75, <. 01; the latter to be significantly slower than RTs to dual (redundant) targets defined in different dimensions, (1,7) = 35. 12, = 60. 19, <. 001; and, in turn, the latter to be significantly slower than RTs to single targets redundantly defined on two dimensions, (1,7) = 18. 81, = 179. 87, <. 01. Thus, all redundant targets exhibited significant mean RT redundancy gains, with single targets redundantly defined on two dimensions producing the largest gains. Numerically, the gains relative to the average of the two single nonredundant target alternatives (that were combined in the redundant targets) were 35. 2, 25. 5, and 17. 7 ms for single targets redundantly defined in both dimensions, dual targets each defined in a different dimension, and dual targets both defined in the same dimension, respectively. Note that these differences are not confounded by speed-accuracy trade-offs. The error rates (target miss rates) were significantly lower for all redundant target conditions relative to the single nonredundant target condition (0. 25% vs. 1. 06%), (3,21) = 16. 33, = 0. 08, <. 001, with little difference between the former.
There are two ways to analyze the mean RT redundancy gains. The first is a fixed-favored dimension test (cf. ), because it implicitly assumes that all observers preferred the same of the two single target-defining dimensions. However, this assumption is incorrect: Some observers did favor the other dimension, leading to an overestimation of the mean RT redundancy gain relative to the (for each observer) fastest single-dimension condition. On the other hand, using only the faster of the two singledimension RTs for a given observer may lead to an underestimation of the mean RT redundancy gain, because of random variation in mean RTs in the two single-dimension conditions. To deal with these problems, devised an alternative procedure. Their test involves the comparison of the
Biederman & Checkosky, 1970
Miller and Lopes (1988) two single-dimension conditions for each observer separately. When the two conditions differ (using a liberal criterion of a =. 10), the faster mean RT is retained as the conservative estimate of single-dimension mean RT; when the two conditions do not differ, the overall mean from both single-dimension conditions is retained. These estimates are then compared across all observers with their redundant-target RTs. The mean RT redundancy gains computed according to the Miller-Lopes procedure (Gain ) are presented in the column labelled Gain in .
M&L M&L Table 1 Relative to the fastest single nonredundant target, the Miller-Lopes gains were 25. 9, 16. 2, and 14. 0 ms for single targets redundantly defined in both dimensions, dual targets each defined in a different dimension, and dual targets both defined in the same dimension, respectively. The gains were greater than zero in all conditions, s (7) . In summary, the mean RT redundancy gains (relative to the fastest single nonredundant targets) were significant for all redundanttarget conditions, with the largest gains achieved by single targets redundantly defined in both dimensions. Of particular importance, the gains were significantly larger for single targets redundantly defined in two dimensions than for dual targets defined in different dimensions. 
RT distribution analysis.
To test the predictions of a parallel-coactive model of dimensional processing, the redundant target RT distributions were tested for violations of the RMI. Prior to conducting the tests, "twins" of false-alarm RTs were removed from the correct-response RT distributions, effectively correcting for fast correct guesses ( ; ). An iterative "kill-the-twin" procedure was used that eliminated potential fast guesses within ±3 ms of the incorrect-response RT. The procedure searched first for the exact numerical equivalent of the incorrect-response RT; if none was found, the procedure searched for an RT within the range ±1 ms of the incorrect-response RT, and so forth up to the maximum range of ±3 ms. The twin was not killed when it was outside this range (there were hardly any cases where a twin was not found within the maximum range). Following the correction for fast correct guesses, the tests for violations of the RMI were then carried out by calculating (RT < /T ) + (RT < /T ) for the set of response times, , corresponding to the quantiles (i. e. , the 5th, 10th, 15th, etc. , percentiles) of the redundant-target RT distribution (in the redundant target conditions with single and dual targets defined in different dimensions, T and T denote color and orientation targets, respectively; in the redundant target condition with dual targets defined in the same dimension, T and T denote the first and second color target or the first and second orientation target, respectively [see Eriksen, 1988 Grice et al. , 1977
Figure 3 -Test for violations of the race model inequality (RMI), (RT < /T (RT < /T (RT < /T (RT < /T (RT < /T (RT < /T (RT < /T (RT < /T (RT < /T <. 05) or ** ( <. 01).
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Figure 3]). The RMI is violated if (RT < /T & T ) > (RT < /T ) + (RT < /T ). Note that, initially, the values of (RT < /T & T ), (RT < /T ), (RT < /T ) were calculated for each of the 10 combinations of T and T listed in
. The values were then averaged across the four combinations in the redundant target conditions with single and dual targets defined in different dimensions, or, respectively, the two combinations in the condition with dual targets defined in the same dimension. The tests were then performed on the averaged values. This was done to take the differences in the baseline detection RTs (single nonredundant targets), which were not perfectly equated, into consideration. Table 1 For the condition with single targets redundantly defined in two dimensions, significant violations of the RMI were manifested for the first through sixth quantiles, with a trend toward violation for the seventh (see ). For the condition with dual targets each defined in a different dimension, significant violations of the RMI were revealed for the first through third quantiles (see ). For the condition with dual targets both defined within the same dimension, there were no significant violations of the RMI (see ). In summary, the RT distribution analyses provide evidence for parallel-coactive processing of dimensionspecific color and orientation saliency signals both when the signals occurred at the same location (single targets defined on two dimensions) and when they occurred at different locations (dual targets each defined in a different dimension). However, the evidence was weaker with saliency signals at different locations. There were no violations of the RMI with saliency signals at different locations in the same dimension.
Distance effects.
One possibility why the mean RT redundancy gains, and the evidence for parallel-coactive processing of dimension-specific color and orientation saliency signals, were weaker for dual (redundant) targets each defined in a different dimension than for single targets (redundantly) defined in two dimensions is that the dimension-specific target (saliency) signals were spatially separated in the former, but not the latter, condition. If distance between the target signals plays a role in determining mean RT redundancy gain and coactivation effects, dual redundant targets defined in different dimensions should show a spatial-separation effect, that is the mean RT redundancy gain and coactivation effects should decrease with increasing distance. The spatial-separation effects-mean RT as a function of distance and target(s)-are shown in Table 2 , with Distance 0 representing targets at the same location (i. e. , single targets defined in two dimensions) and Distances 1, 2, and 3 representing targets at different locations (dual targets defined in different dimensions), where distances are measured in units of cells within the display matrix (thus, e. g. , Distance 1 means that the two targets appeared in adjacent cells).
There was indeed a spatial-separation effect, with a large increase in mean RT when distance increased from zero to one cells (7. 9-ms increase) and a smaller increase when distance increased from one to two cells (4. 2-ms increase 
Unfortunately, a distribution analysis could not be carried out for Distances 1, 2, and 3 separately, because there was an insufficient number of observations at each of these levels of distance: The total number of trials with dual redundant targets defined in different dimensions (i. e. , the trials for Distances 1, 2, and 3 taken together) was equivalent to the number of trials with single targets redundantly defined in two dimensions (i. e. , the trials for Distance 0). Recall that a distribution analysis had revealed strong violations of the RMI for Distance 0 (single targets defined in two dimensions) and weaker violations for Distances 1, 2, and 3 combined (dual redundant targets defined in different dimensions). The mean RT effects suggest that the Distance 1 RTs contributed more to these weak violations than the Distance 2 and Distance 3 RTs. In other words, coactivation effects by dual (redundant) targets defined in different dimensions may be obtained only when the two targets are closely spaced, which is to say, coactivation effects may be spatially specific.
Summary of Results and Discussion
• Experiment 1 produced significant mean RT redundancy gains, relative to single nonredundant targets, for single targets (redundantly) defined in two dimensions, dual (redundant) targets each defined in a different dimension, and dual (redundant) targets both defined in the same dimension.
• The mean RT redundancy gains were significantly larger for single targets (redundantly) defined in two dimensions than for dual (redundant) targets each defined in a different dimension. This finding is in accord with the dimension-weighting account of , but is inconsistent with the response-based account developed in the introduction.
Müller and his colleagues (1995)
• Analyses of the RT distributions provided evidence for single targets redundantly defined in two dimensions and dual (redundant) targets each defined in a different dimension to violate the RMI, consistent with both the dimension-weighting and the response-based account. In terms of the former account, both saliency signals of a single target redundantly defined on two dimensions or of dual targets each defined in a different dimension influence a common processing stage in a parallel-coactive fashion (with the evidence for coactivation being stronger for single targets redundantly defined on two dimensions). In terms of the latter account, separate dimension-specific decision units would be activated to the same extent by single and dual redundant targets defined in separate dimensions, which in turn coactivate a common response output stage.
• Dual (redundant) targets defined in the same dimensions did not give rise to significant mean RT redundancy gains and violations of the RMI. This suggests that a parallel race of two independent target signals provides the best account for performance under this condition, in accord with visual search theories such as GS (see also
). This finding is in accord with the dimension-weighting account, according to which multiple feature targets within the same dimension reduce the strength of the corresponding dimensions-specific saliency signals and, thus, attenuate the coactivation of an integrating overall-saliency unit. However, it is at odds with the response-based account, which assumes (dimensionspecific) decision units pooling target feature-specific activity within a given dimension. Such a unit would be activated above threshold consistently faster by two feature signals within the same dimension, and thus would activate the response output unit faster, in comparison with a single feature signal in one dimension. That is, in contrast with single or dual redundant targets defined in separate dimensions, coactivation would occur at the dimension-specific decision stage, rather than at the subsequent response output stage.
Mordkoff & Yantis, 1993
• An analysis of the mean RT redundancy gains as a function of the spatial separation between the target signals (for target signals defined in different dimensions) revealed the gains to decrease with increasing distance. This suggests that coactivation effects by dual (redundant) targets defined in different dimensions are obtained only when the two target signals are closely spaced (i. e. , adjacent), which would be consistent with the dimension-weighting account but inconsistent with the response-based account. However, Experiment 1 did not permit the spatial specificity of the coactivation effects to be tested, because of insufficient numbers of trials for the individual levels of separation between dual (redundant) targets defined in different dimensions. 
Results
Mean RT redundancy gain. Table 3 presents the mean correct positive RTs, and associated error rates, for dual (redundant) targets (each defined in a different dimension) as a function of their spatial separation and for single nonredundant targets. Also given are the mean RT redundancy gains relative to the fastest single-feature target (Gain ) and relative to the average of both single-feature targets (see Gain ).
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As can be seen, mean RTs were slower for single nonredundant targets ( = 496 ms) relative to dual redundant targets whatever their spatial separation ( = 465 ms). Mean RTs to dual redundant targets exhibited a spatial separation effect: They increased as a function of separation from 459. 52 ms (Distance 
M M
1) to 462. 65 ms (Distance 2) to 471. 51 ms (Distance 3). A repeated-measures ANOVA of the dual redundant target RTs revealed the main effect of separation to be significant, (2,22) = 5. 94, = 313. 06
RT distribution analysis.
The dual (redundant) target RT distributions were tested for violations of the RMI, (RT < /C & O) > (RT < /C) + (RT < /O), to examine whether there were coactivation effects between the color (C) and orientation (O) target signals. Figure 4 presents the results of the tests, performed separately for each level of spatial separation between the dual targets (one, two, and three units of distance). When the two targets were separated by one unit of distance, significant violations of the RMI were manifested for the first through the third quantiles, with a trend toward violation for the fourth (see ); when they were separated by two units, a significant violation was evident only for the first quantile (see ); and when they were separated by three units, the RMI was not significantly violated at any quantile (see ).
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Figure 4A In summary, the RT distribution analyses provide evidence for parallel-coactive processing of dimensionspecific color and orientation saliency signals both when the signals occurred at the same (Experiment 1) or at nearby locations (Experiment 2), with the violations of the RMI becoming weaker and less consistent as the spatial separation between the two saliency signals increased (see Footnote 5) . In as much as violations of the RMI constitute evidence for parallel-coactive processing of independent dimensional saliency signals, this pattern of results suggests that the coactivation effects are spatially specific. This is consistent with the dimension-weighting account of , according to which overall-saliency units integrate dimensional saliency signals in a spatially specific (distance-scaled) manner. But it is inconsistent with the response-based account, according to which location information is lost in the pooling of target feature-specific activity by dimensional decision units.
Müller and colleagues (1995)
However, there is an alternative account for this pattern, which states that coactive processing of dimensionally redundant targets depends on spatial attention ( ; see also . That is, spatial attention gives rise to the very pattern of spatially specific signal integration effects demonstrated in Experiment 2: When the two redundant target signals are close (in the extreme, at the same location), they fall within the focus of attention and may therefore coactivate a detection response; when they are distant, only one signal may fall within the focus of attention, so that the detection response is driven by that signal and not the other. Of course, to be applicable to singleton feature search, this account would have to assume (a) that there is some preattentive mechanism by which focal attention is allocated to the redundant target(s) and (b) that this mechanism is not itself coactivated by separate signals in different dimensions. (Also, it would offer no explanation for why there is little evidence of coactivation by dual redundant targets defined in the same dimension, unless it is assumed that intradimensional response decision devices are mutually inhibitory [e. g. , ;
see below]. ) Experiment 3 was designed to examine whether the critical role for focal attention holds true for dimensionally redundant signal integration in singleton feature search. 
Experiment 3
According to Cohen and his collaborators, coactive processing of (response-based) information in separate dimensions is enabled only when the relevant stimuli are presented within the focus of attention ( ; ; see the General Discussion for a closer consideration of Feintuch and Cohen's study). Their dimensional action system envisages dimensional modules, each consisting of a set of spatiotopically organized feature maps, which have separate response selection devices. Furthermore, "attention is simultaneously connected to all dimensional modules. ...When people focus their attention on a particular location, the activation at that location is enhanced simultaneously in all dimensional modules" ( , p. 306). The dimensional response devices are mutually inhibitory, so that one response must win the competition to be transferred to the central response execution stage. With multiple stimuli in the display, such as in the "flanker" paradigm used by , ), multiple (incompatible) response units may be activated in parallel by the central target and the flanking stimuli, respectively. To resolve the ensuing competition, spatial attention must be focused on the task-critical, central stimulus for its associated response to win the competition. That is, the mechanism by which a dimensional response decision unit is assigned to a specific stimulus is location-based attention. Accordingly, coactivation of the central response execution stage by separate dimensional response decision units is possible only within the focus of attention. In contrast, the dimension weighting account assumes that, in singleton feature search, integrative processes influencing target detection occur at a preattentive stage: the overall-saliency map. Abovethreshold activity of an overall-saliency map unit summons an attentional orienting response and may trigger a direct (manual) detection response. Furthermore, it is assumed that what is integrated at this stage are dimension-specific saliency signals that carry no information as to the precise feature(s) by which a singleton feature (pop-out) target differs from the distractors. Only responses based on target feature information require focal attention (see Experiment 2 of ).
Müller et al. , 1995
Experiment 3 was designed to investigate whether integrative processes influencing target detection in singleton feature search (i. e. , the overall-saliency map stage) are dependent on spatial attention, by combining search for singly and redundantly defined targets with a spatial-cueing procedure. Observers were informed of the display quadrant highly likely ( =. 8) to contain a target by a central-arrow indicator. Despite the search for singleton feature targets being efficient (i. e. , not influenced by the number of display elements; e. g. , ), the cueing was expected to slightly expedite detection of targets that appeared in the cued quadrant relative to targets in the uncued quadrants. In addition, in the dimension weighting account, redundant targets were expected to violate the RMI irrespectively of whether they were presented within the cued quadrant or in an uncued quadrant. In contrast, according to a straightforward interpretation of , violations were expected only within the cued quadrant. 
Method
Participants.
Sixteen observers participated in Experiment 3 (which was conducted at the Rheinisch-Westfälische Technische Hochschule Aachen, Aachen, Germany). Their ages ranged between 21 and 36 years ( = 23. 6); 13 were female and 3 were male. All observers had normal vision (including color vision).
M
Stimuli, design, and procedure.
The stimuli were the same as in Experiment 1, except that there were only red color and left-tilted orientation targets; redundant targets were red and left-tilted. Each search display was preceded by a central arrow cue indicating the display quadrant (upper left, upper right, lower left, lower right) in which the target was presented with a probability of 80%. Because targets could appear only in the inner 4 × 4 locations of the 6 × 6 element display matrix, the cue effectively indicated a cluster of four contiguous locations (with the maximum center-to-center distances varying between 2. 05° horizontally and 2. 90° vertically) as likely to contain a target. The cue was presented for 500 ms; thereafter, the screen was blanked for 300 ms until the presentation of the search display.
The three types of target (color, orientation, and redundant) were presented in randomized order within trial blocks, with blocks containing 50% target-present and 50% target-absent trials. All observers performed 20 trial blocks in two consecutive sessions. Each block consisted of 120 experimental trials; 48 target-present displays in each block were preceded by valid cues, and 12 by invalid cues. Overall, for each of the color, orientation, and redundant target-present conditions, there were 80 targets preceded by invalid cues and 320 preceded by valid cues. Observers were instructed to attend to the cluster of display locations indicated by the arrow cue, as targets were most likely to be presented at these locations.
Results
Five of the 16 observers failed to show faster RTs to targets at cued relative to targets at uncued locations (i. e. , their costs-plus-benefits score was negative), most likely because they failed to heed the instruction.
(Given that pop-out targets are detected efficiently, irrespective of the number of display items, not much was to be gained by actively attending to the cued locations. ) Because their data do not speak to the hypothesis (that redundancy gains are independent of spatial attention), they were discarded in a second step of data analysis (16 -5 = 11 observers) performed after the analysis of the whole group's data (16 observers). In the sections below, the results of the second analysis are reported in brackets.
Mean RT redundancy gain. Table 4 presents the mean correct positive RTs, and associated error rates, for nonredundant (color, orientation) and redundant targets. Also given are the mean RT redundancy gains relative to the fastest single-feature target (see Gain ) and relative to the average of both single-feature targets (see Gain ). The left-hand side gives the values for the total group of 16 observers, the right-hand side the values for the subgroup of 11 observers who showed a cueing effect.
The positive RTs were examined with a repeated-measures ANOVA with main terms for cue validity (invalid or valid) and target dimension (single or redundant 
RT distribution analysis.
The redundant target RT distributions were tested for violations of the RMI, (RT < /C & O) > (RT < /C) + (RT < /O), to examine whether there were coactivation effects between the color and orientation target signals under both invalid-and valid-cue conditions. The results of the tests are presented in P t P t P t Importantly, the RMI was significantly violated under both cue validity conditions. In more detail, when targets were preceded by invalid cues, significant violations were evident for the first and the second quantiles, with a trend toward violation for the third and fourth quantiles (see ) and for the first through the fourth quantile, with a trend toward violation for the fifth quantile (see ). When targets were preceded by valid cues, significant violations of the RMI were manifested for the first through the fifth quantile, with a trend toward violation for the sixth quantile (see ) and for the first through the fifth quantile (see ).
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Discussion
In summary, the cueing produced significant RT costs-plus-benefits, as expected. For the total group of participants, the effect size was 9. 51 ms; for the subgroup that showed a cueing effect, it was 16. 98 ms. The latter value compares reasonably well with the costs-plus-benefits obtained in standard spatial-cueing experiments. Also as expected, the cueing effect appeared larger for the less efficient target-defining dimension: orientation (15. 25 [24. 59] ms). However, despite the cueing effect, the RMI was significantly violated by redundant targets appearing in the uncued as well as the cued quadrants. This pattern of effects is consistent with the dimension-weighting account, according to which saliency signal integration occurs independently of and prior to the allocation of spatial attention. However (assuming that responses to invalidly cued targets were not mediated by spatial attention), it is inconsistent with accounts that assume that spatial attention is critical for the integration of response (decision) unit activity in separate dimensions. This issue is considered further in the General Discussion.
Summary of Results
Redundant target coding expedited target detection (while at the same time reducing target miss rates). The mean RT redundancy gains, relative to single nonredundant targets, were greatest for single targets defined in two dimensions, intermediate for dual targets each defined in a different dimension, and smallest for dual targets both defined in the same dimension (in fact, under the latter condition, the gains were not significant; Experiments 1 and 2). In addition, with target (saliency) signals in different dimensions, the mean RT redundancy gains decreased with increasing spatial separation between the signals (Experiments 1 and 2) . Furthermore, RTs to single targets defined in two dimensions and RTs to dual targets each defined in a different dimension (averaged across the various levels of separation) violated the RMI, in contrast to RTs to dual targets defined in the same dimension, which did not violate the RMI (Experiment 1). The violations of the RMI by dual dimension-specific saliency signals in different dimensions were more robust for single targets, that is, with coincident locations of the two signals, than for dual targets, that is, with spatially separated signals (Experiment 1). This spatial-separation effect was confirmed in Experiment 2, in which dual targets (defined in different dimensions) were found to produce violations of the RMI only when they were presented in adjacent locations (there was some weak evidence of violations when the two targets were separated by one object, but no evidence when they were separated by two objects). Experiment 3 provided evidence that violations of the RMI by single dimensionally redundant targets were not critically dependent on spatial attention: Violations were evident whether the target was presented inside or outside a precued display region.
Dimensional-Redundancy Effects With Dual and Single Redundant Targets
Dual targets defined in the same dimension produced significant mean RT redundancy gains, but no violations of the RMI, suggesting that performance in this condition is best explained in terms of a parallel race of two independent target signals. This is consistent with theories of visual search such as GS (e. g. , ), according to which dual targets defined in the same dimension would give rise to two signals within the same dimensional saliency map and, consequently, at the master map level, which compete for the allocation of attention. (On the basis of the logic of dimension-specific saliency [difference] computations [e. g. , ], each of two targets defined within a given dimension would achieve a somewhat reduced saliency relative to a single target defined within that dimension. ) Wolfe, 1994 Cave & Wolfe, 1990 In contrast, single and dual targets defined in different dimensions gave rise to RTs that violated the RMI, providing evidence for both dimension-specific target (saliency) signals to influence a common processing stage in a parallel-coactive manner. Finally, with targets defined in different dimensions, violations of the RMI were manifested only when the target signals were located at the same or at nearby locations, suggesting that coactivation effects are spatially specific.
This pattern of results is broadly consistent with that of . In their Experiment 1, participants were presented with a single central letter (of size 1. 40° × 0. 89°), an , , or , colored green, cyan, or purple, and they had to produce a go-response whenever the stimulus was an or green. Redundantly defined targets, green s, generated RTs that significantly violated the RMI. Interestingly, such violations were observed even when the target shape and target color information were presented at separate locations (Experiment 3; letter 1. 53° above fixation and color patch 1. 53° below fixation). However, no violations were evident when there were two separate letter or two separate color targets (e. g. , , , in top location and , , in bottom location, with and being the top and bottom targets). This led to "conclude that co-activation occurs when target attributes from two separate dimensions are simultaneously present, but not when target attributes come from the same dimension" (p. 357)-which is supported by the present findings. 
Locus of Dimensional-Redundancy Effects
Redundant-signal integration: Perceptual or response-based?
However, the results of do not permit a firm conclusion to be drawn as to which processing stage is influenced by the separate target signals in a coactive manner: a perceptual stage or a response stage (although they favored a response stage). To decide this question, arguably, the spatialseparation effects revealed in the present experiments are crucial.
Mordkoff and Yantis (1993) 7 Following and , assumed that redundant-target effects are essentially perceptual in nature; that is, they reflect the operation of a supradimensional saliency representation, the master (overall activation) map, which guides focal attention to the target and supports target detection. Crucially, in this account, the master map provides a spatially specific representation, because its units integrate, and may therefore be coactivated by, saliency signals from corresponding (receptive field) locations in the various dimensional input modules. In contrast, according to the response-based account elaborated in the introduction, redundant targets activate separate dimension-specific response selection devices that, in turn, drive a common response execution stage in a parallel-coactive manner. For this account to be distinguishable from the dimensionweighting account, the dimensional response devices must be conceived of as units that pool activity across target-relevant feature maps. ; assumed such units in her feature integration theory to explain instances of detection without localization. By implication, an activated dimensional response unit in the response-based account would indicate the presence of an odd-one-out stimulus in the corresponding dimension, but not carry information as to its location. If it were carrying location information, the response-based account would become indistinguishable from the account of , whose dimension-specific saliency map units might be regarded as location-specific response selection devices. Consequently, according to the response-based account, equivalent redundancy gains should arise with single targets redundantly defined in two dimensions and with dual (redundant) targets each defined in a different dimension, and the gains with dual targets should be relatively independent of their spatial separation. In both cases, and for all separations, the dimensional response units would be activated to the same extent, so that the redundant-target effects should exhibit no difference. In contrast, according to the dimension-weighting account, redundant-target effects should be greater for single dimensionally redundant targets than for dual targets, and for the latter, the effects should depend on the targets' separation, because location-specific overall-saliency units would be coactivated only with nearby targets. The location-specificity of the redundant-target effects revealed in Experiment 2 is in agreement with the perceptual account, but at variance with response-based accounts that assume pooling dimensional response units. Furthermore, the finding in Experiment 3 that detection responses are coactivated by single dimensionally redundant targets in uncued, as well as cued, display regions is consistent with the dimension-weighting account, according to which the integration of a dimension-specific saliency signal occurs independently of and prior to the allocation of spatial attention. However, it provides a challenge to response-based accounts that assume a critical role of spatial attention for the integration of response unit activity in separate dimensions (e. g. , ;
). Redundant-signal integration: Preattentive, attentional, or both?
The challenge rests on the assumption that, with the cueing manipulation used in Experiment 3, detection responses to invalidly cued targets were not mediated by spatial attention. There are two possible accounts of how responses to such targets are actually made. The first derives from signal detection theory and assumes that focal attention modulates the rate at which response-relevant target information is accumulated; responses are initiated as soon as the relevant information exceeds a threshold. The second account assumes that, for a response to be enabled, focal attention must be allocated to the target (location). Consistent with the first account, spatial cueing of a display region is known to enhance the activity of feature coding neurons within the corresponding (attended) visuocortical region relative to other (unattended) regions, prior to display presentation (e. g. , ;
). Thus, when a target is presented, accumulation of target information within the attended region is expedited, permitting rapid responses. Conversely, accumulation of target information in the unattended regions is relatively slow and response production is delayed. Importantly, on this account, cueing costs-plus-benefits simply reflect the differential rates at which response-relevant information is accumulated at attended and unattended display locations. This assumption is inherent in the dimension-weighting account, according to which the rate of information accumulation at the stage of overallsaliency computation may be expedited for an attended display region by enhanced processing within corresponding regions in dimension-specific input modules. Nevertheless, with dimensionally redundant targets, there would be coactivation of local overall-saliency units regardless of whether the target is presented inside or outside the attended region. This account would assume further that, once focal attention is allocated to the target, its features are processed coactively. Critically, however, it also assumes a preattentive stage of coactive processing: overall-saliency computation.
According to the alternative account, overt responses depend on focal attention being allocated to the target (location). If the target appears at a precued location, responses can be initiated immediately. However, if the target appears at an uncued location, focal attention must be reoriented (from the cued location) to the uncued target location. Thus, costs-plus-benefits reflect the time required for the re-orientation of focal attention (in addition to any delays due to differential rates of information accumulation at attended and unattended locations). Of course, this account would have to incorporate some preattentive mechanism by which focal attention is guided to the location of the uncued target. Furthermore, with dimensionally redundant targets, this account would have to assume that the reorientation of attention is based on either one or the other dimensional target signal but not on both together. That is, the preattentive guidance mechanism is not itself coactivated by separate signals in different dimensions; rather, there is a race of separate signals to activate this mechanism. This assumption is critical (because otherwise the account would have to predict violations of the RMI outside the focus of attention), although there is no logical necessity for making it. ( , statement that the appearance of a salient target "can summon attention to its location from every dimension simultaneously" [p. 306] would leave the possibility for coactivation. )
If there are no logical grounds for why focal attention may not be summoned coactively by target signals in separate dimensions (in fact, most theories of visual search, such as GS, envisage this possibility), this strong assumption can only be justified empirically. Because, to date, findings have provided the only evidence in its support, a closer look at their arguments is in order. Feintuch and Cohen presented dual targets, one above and the other below a central fixation cross, one requiring a colorbased response and the other an orientation-based response. In addition to such redundant-target displays, there were single-target displays in which one (redundant) target was replaced by a neutral stimulus (not mapped to a response). Displays were either preceded by an ellipse precue encompassing the locations of dual stimuli, in order for attention to be spread across the relevant display area, or there was no precue, in which case attention was assumed to be focused at the central fixation cross. Feintuch and Cohen obtained violations of the RMI only in the precue, but not the no-precue, condition. From this, they concluded that integration is possible only within the focus of attention.
Feintuch and Cohen's (2002)
However, although clearly demonstrated an effect of focal attention on signal integration, their strong assumption that redundant-signal integration is possible only within the focus of attention may not be warranted. One alternative might be to assume that focal attention merely enhances (but is not causally responsible for) redundant-signal integration. However, the results of the present Experiment 3 are inconsistent with this weaker position, in that there was no evidence for a larger coactivation effect for cued relative to uncued locations (if anything, the opposite was the case at least for those observers that showed a cueing effect).
Feintuch and Cohen (2002) 9 The absence of such a difference might be taken to argue in favor of a second alternative: that coactivation effects may be generated both preattentively and through focal-attentional mediation, but that the two types of effect are qualitatively different. It may well be that the preattentive effects arise at a stage where the featural identity of the redundant-target signals is as yet unavailable, that is, in terms of the dimensionweighting account, the stage at which overall saliency is computed. In contrast, the attentionally mediated effects arise at a later stage at which feature identity information is accessed.
Consistent with this distinction, it is precisely situations requiring feature analysis for which the dimensional-action system account of Cohen and his colleagues ( ; ; ) was originally developed. According to this account, the postulated dimensionspecific response selection devices form part of a distinct visual subsystem within the "what" system, which provides quick and flexible, instruction-based perception-action couplings for cross-dimensional (e. g. , color and shape-defined) feature conjunction targets (see Cohen & Feintuch, in press, for a detailed discussion). Note also that the stimuli in redundant-target study (as well as those in , study) required feature "disjunction" analysis in order for the instructed go/no-go responses to be selected. For example, in their Experiment 1, go-responses were to be made to blue vertical and red right-tilted bars, whereas green vertical and red left-tilted bars were associated with a no-go response.
Cohen Cohen & Magen, 1999 Cohen & Shoup, 2000 Feintuch and Cohen's (2002) Mordkoff & Yantis's, 1993 In contrast, argued that target detection in their singleton feature search experiments does not require analysis of the target-defining feature. This argument (see also Footnote 9) was based on the finding (in their Experiment 1) that only cross-dimensional singleton feature search (target dimension variable), but not intradimensional search (target dimension fixed, target feature variable), produced an RT cost (of some 60 ms) in detecting the target relative to a control condition in which both the target dimension and the target feature were fixed. That there was a cost only for cross-dimension search was taken to suggest that, to detect the presence of a target, observers had to determine in which dimension a feature difference was present (in the experiment: orientation, color, or size). A follow-up experiment (Experiment 2) examined whether detecting a target indeed requires (at least implicit) determination of its defining dimension (e. g. , orientation), but not necessarily of its feature value in that dimension (e. g. , right-tilted), by forcing observers to identify the target before they could make a positive response. In an intradimension search condition, observers responded "present" to a right-tilted or horizontal bar amongst vertical distractors, but a left-tilted bar required an "absent" response. Thus, in order to reject the left-tilted bar, observers had to determine the precise orientation of the odd-one-out stimulus. Analogously, in the cross-dimension condition, observers responded "present" to a right-tilted (orientation-defined) or black (color-defined) bar, but a large (size-defined) bar required an "absent" response. Thus, to reject the large bar, observers had to know the dimension of the odd-one-out stimulus.
reasoned that, if a positive response indeed requires determination of the target dimension, one should expect performance in the cross-dimension condition to be little affected by the explicit requirement to know in which dimension the target is present. However, there ought to be a large cost in the intradimension condition because the featural identity of the target would have to be determined in a further, time-consuming process. This prediction was confirmed in Experiment 2. RTs were increased by only 20 ms in the cross-dimension condition, but by 70 ms in the intradimension condition. Consistent with this pattern of effects, recently found that in singleton feature search, observers were unable to report the defining feature (or dimension) of a singleton target to which they had just given a target-present response, suggesting that they did not explicitly encode the target identity. Taken together, these findings suggest that, in pop-out visual search, observers respond target-present directly on the basis of difference or saliency signals that do not carry information as to the precise features defining the target. In terms of the dimension-weighting account, detection responses may be based directly on the master (overall) saliency map. This point is discussed below. Thus, dimension-specific response selection mechanisms as proposed by Cohen and his colleagues ( ; ; ; see also ) may coexist alongside the local dimension-specific saliency signal integration mechanisms (overall-saliency units) envisaged by visual search theories such as GS (e. g. , ; see also ; ) and the dimension-weighting account. The former mechanisms select responses on the basis of feature-specific information and therefore require focal attention (making the featural information available for response decisions), consistent with the strong position of Cohen and his colleagues (e. g. , ;
). In contrast, the latter carry only feature difference information and serve (i. e. , are computed prior to) the allocation of focal attention. Cohen Minimally, the complete system would have to assume the existence of dimension-specific saliency mechanisms whose signals are integrated in a location-specific manner prior to their effect on spatial attention. Whether this integration requires the existence of an explicit supradimensional master saliency map may be a matter of debate (the existence of such a map has been challenged by various authors, e. g. , ; see also ). However, the Phaf, van der Heijden, & Hudson, 1990 Duncan, Ward, & Humphreys, 1997 location-specificity of the coactivation effects revealed in the present study would appear to provide one of the strongest pieces of evidence for the existence of such a representation (though this may be realized implicitly, by cooperative activity amongst various dimension-specific saliency maps). 10 According to the spatial-separation effects revealed in the present Experiment 2, integration is possible for dimension-specific saliency signals from disparate locations within the receptive field of a master map unit, perhaps with signals from more eccentric field locations activating the master map unit to a lesser extent than signals from more central locations. This could explain why there is integration across relatively large spatial separations between signals (reliable coactivation effects were evident for distances up to 2. 5°), although the resulting coactivation effects are reduced relative to when the signals are spatially coincident.
Differences in the level of significance of RMI violations are not to be mistaken for differences in the strength of coactivation effects. However, as can be seen from (comparison between single and dual targets defined in different dimensions) and (distance effects for dual targets defined in different dimensions), the redundant-target cumulative distribution functions (CDFs) are systematically shifted toward the slow end of RTs the larger the spatial separation between the redundant target signals. This shift may be interpreted as a more direct measure of the strength of coactivation effects. The fact that no reliable violations of the RMI were observed beyond the distance of 2. 5° between dual redundant targets defined in different dimensions is not to say that there are no coactivation effects beyond this distance, but rather that only (taken together with the systematic shift in the CDFs) that the coactivation effects are distance-scaled. 
Responses Based on the Master Map
Although the present experiments revealed the coactivation effects to be spatially specific, consistent with the idea that they are based on a master (overall activation) map representation, it remains an issue whether the activity of the master map units is perceptual or response-based or both in nature. The dimensionweighting account assumes that observers can base their detection response relatively directly on the master map, coding the location of objects to be attended and responded to, without waiting for complete object (target) knowledge to become available through focal attention (see ; ). This idea is consistent with the view that there are two main visual processing streams: the occipital "where"-pathway, which mediates knowledge of the whereabouts of objects, and the occipitotemporal "what"-pathway, which is concerned with object recognition (e. g. , ;
). Indeed, the where-system is thought to play a role in the selection of objects for further processing by the what-system (e. g. , ; ). Some form of master map is likely to reside in parietal cortex, which is also known to mediate directed motor actions such as eye and hand movements (see , and , for reviews). It seems, therefore, plausible that at least some types of response to objects, such as to the presence and location of an odd-one-out item, can be initiated directly from the master map representation, while further focal-attentional processing of the object (what is it?) is still going on. In fact, given that the orientation of focal attention to the most salient master map location may be regarded as a preattentive detection response, it seems plausible that other detection responses, such as the manual responses that observers are instructed to make in odd-one-out search experiments, may be directly released by the same signal that triggers the orienting response, without requiring focal attention. This would be an instance of what ; ) has referred to as direct parameter specification (which permits for instructed responses to be triggered by information of which the observers remain unaware). In this sense, the dimension-weighting account ascribes both a (preattentive) perceptual and a (preattentive) response-related role to the activity of master map units. An alternative that would be consistent with mainstream visual search theories such as GS and revised feature integration theory (e. g. , ), is that manual detection responses are attentionally mediated, that is, require focal attention to be allocated to the most salient object (see also , who make this assumption explicitly). One possibility is that some kind of object file system ( ) is involved in setting the trigger conditions under which the responses are released. Object files code information such as the location, identity (attributes), name, and so forth of objects in the display. There is ample evidence that some types of information, such as object location, may become available before others, such as object identity (e. g. , ;
; ; , ). It is therefore possible that responses are released as soon as the relevant information, delivered via the focal-attentional system, is recorded in the object file. In this view, master map units would play no direct role for response, only an indirect one, in that they trigger the allocation of focal attention that, in turn, makes the response-relevant information available. Further work is necessary to distinguish between these alternatives. Johnston & Pashler, 1990 Müller & Rabbitt, 1989 Sagi & Julesz, 1985a 1985b 
Conclusion
The present results suggest that dual saliency signals in different dimensions, but not saliency signals in the same dimension, coactivate master (overall activation) map units that are location-specific, that is, which integrate saliency signals within their receptive fields. This is consistent with visual search theories such as GS. The coactivation effects are strongest when the different dimensional saliency signals are spatially coincident, though reliable effects (i. e. , violations of the RMI) may be obtained for separations between the target signals up to about 1. 5-2. 5° of visual angle. (This is not say that there are no effects beyond this distance, but rather that the integration is distance-scaled. ) The spatial specificity of the coactivation effects is consistent with the dimension-weighting account of Müller and his colleagues (e. g. , ), according to which, in singleton feature search, the critical integration stage (the master map units) is perceptual, rather than response-based, in nature. This does not rule out that, in pop-out tasks, detection responses may be based directly on the master map units (in a direct parameter specification way), without requiring focal attention to be allocated to the location signaled by the most salient unit. Müller et al. , 1995 This view of preattentive perceptual coactivation mechanisms is consistent with the view that later, responsebased mechanisms are dependent on the allocation of focal attention, as proposed by ; ). However, further research is necessary to ascertain that there are indeed qualitatively different preattentive and attention-based coactivation mechanisms. ) has demonstrated that pop-out of irrelevant-dimension singletons depends on observers adopting a singleton search set. Thus, for example, when observers are forced to search for a target defined by a specific feature, pop-out of irrelevant singletons does not occur. This leaves the possibility that dimension-weighting processes may only operate when observers adopt a singleton search set.
2
These assumptions may be regarded as resembling those made by two alternative accounts of the dimension-specific uncertainty and intertrial transition effects: the response-based account of Cohen and Magen (1999) , which builds on the dimensional response selection or dimensional action system model of Shoup (1997, 2000) , and, with some exceptions, the attentional limitation account of Kumada (1999 Kumada ( , 2001 ), which incorporates dimension-specific response selection devices along the lines of Cohen and Magen (1999) . In the model proposed by Cohen and his colleagues (e. g. , see Figure 1 of Cohen & Shoup, 2000, p. 392), spatial attention is assumed to play a crucial role for mediating dimensional response decisions. In particular, the model assumes that the output of separate dimensional decision devices is integrated only within the focus of attention, producing spatially specific coactivation effects. In this article, the role of spatial attention is addressed in Experiment 3.
Despite the fact that the RT distribution analysis concerned the speed of the fastest trials, a lower cutoff of 100 ms was used to remove clear anticipatory responses. As there were fewer false-alarm RTs than correct RTs less than 100 ms, not all correct anticipations would have been removed by the kill-the-twin procedure (Eriksen, 1988 ; Grice, Nullmeyer, & Spiker, 1977) used prior to the RT distribution analysis.
4
An analysis of RTs to dual (redundant) targets both defined in the same dimension as a function of the spatial separation between the two targets revealed no significant distance effect (415. 55, 418. 76, and 414. 75 ms for Distances 1, 2, and 3, respectively), F(2,14) = 0. 38, ns.
5
Note that this effect is not an artifact of decreasing visual acuity for more widely separated dual targets, which would result if observers made an eye movement to one of the two targets. With reference to the display center, the average eccentricity for each of the two targets was equivalent for all separation conditions. Thus, if observers maintained central fixation until response initiation, there would have been no differential acuity for the two targets amongst the three separation conditions. Observers could be assumed to maintain central fixation as the task involved simple pop-out target detection and could be performed without requiring eye movements. This was confirmed in an EEG study of Reimann-Bernhardt (2001) , which used the same dual-target stimulus separation conditions as in Experiments 1 and 2 and in which observers were instructed to avoid making eye movements; maintenance of fixation was monitored using EOG. Only very few eye movements were actually recorded (and those that were made occurred after the detection response); importantly, the separation effects were replicated, providing a direct argument against an account of these effects in terms of a visual-acuity/eye movement artifact.
6
However, with a single or only two stimuli in the display, the bottom-up saliency signals would not differ between dimensionally redundant and nonredundant targets or between targets and nontargets. Thus, for redundant targets to produce violations of the RMI, top-down processes (e. g. , along the lines of GS theory) would have to come into play that raise the saliency for stimuli exhibiting target features in multiple dimensions simultaneously.
7
It is difficult to assess spatial separation effects in the paradigm of Mordkoff and Yantis (1993) as this would require comparisons between separate experiments (i. e. , their Experiments 1 and 3) and between foveal and parafoveal target locations. However, at least numerically, their mean RT redundancy gains were somewhat greater in Experiment 1, in which there was a single target at one location, than in Experiment 3, in which there were dual targets at separate locations (32 vs. 24 ms).
8
An alternative perceptual account of redundancy effects in the present study might assume that the effects are generated at the level of fully integrated objects, rather than at the level of saliency signals. "That is, in single-target redundant-feature conditions, only a single object attracts attention; in redundant-target singlefeature conditions, two objects compete with each other for control of response. When the targets are widely separated, then processing of one target [object] precludes processing of the other" (anonymous reviewer, personal communication, April 16, 2001 ). Although such a description in terms of competitive object-based effects is feasible in principle, Müller et al. (1995) have argued that, in pop-out target detection, responses are based on saliency signals that, although indicative of the presence of objects, do not specify the features (and their combination) characterizing these objects. This argument was based on two findings: First, that of dimension-specific (rather than featurespecific) intertrial transition effects (Found & Müller, 1996) , and second, that of greatly prolonged search RTs when target detection required the explicit availability of featural information (Experiment 2 of Müller et al. , 1995) .
9
In fact, there is one study that, using a similar stimulus arrangement as Feintuch and Cohen (2002) , did demonstrate significant violations of the RMI without presenting a precue to make both stimuli (one above and one below fixation) fall within the focus of attention: Experiment 2 of Mordkoff and Yantis (1993) . Thus, there is at least one demonstration of coactive effects under conditions under which co-activation should not be observed on the Feintuch-Cohen assumption. Feintuch and Cohen (2002) acknowledged this, but argued that there may have been special "features ... in the method used by Mordkoff and Yantis (1993) [that] could have biased the subjects to focus their attention on the entire area of the target display" (p. 368). However, in the absence of a demonstration that these features were indeed critical, one might prefer to adopt a more cautious position according to which focal attention is one important factor enhancing coactivation, but that coactivation might also, under well-defined circumstances, occur prior to the allocation of focal attention.
10
Although there has been some debate concerning the existence of an overall saliency map, this "structure ... is sometimes equated with the subcortical thalamic nucleus pulvinar ... PET studies (see LaBerge, 1990 ) have shown increased activation of this nucleus during the selection process. The salience map could be considered as a sort of blackboard for selection operations on which different brain areas can 'write down their vote' for a location to be selected" (Schneider, 1993, p. 37)-that is, for an object at this location to be passed to an object recognition module. The pulvinar nucleus is suited for this task because it contains highresolution maps of the (contralateral) visual field. Furthermore, corticothalamic and thalamocortical connections are reciprocal, permitting corticothalamic activity to produce positive feedback, or enhancement, of relay cell activity, with an increase in the activity of a given thalamocortical relay cell decreasing the activity in neighboring cells. The result is a center-surround type of operation, that is, selective amplification of activity at a target location with respect to its surround. For this reason, LaBerge and Brown (1989) referred to this mechanism as a thalamic enhancement circuit (TEC). There exist several retinotopic maps in the various nuclei of the pulvinar that receive direct projections from cortical area V1, perhaps connected in turn to the many cortical visual maps (e. g. , for color-V4, motion-V5, etc. ). It is possible that inputs from one cortical area (a) make contact not only with their own thalamic map, but also (b) branch to make contact with the relay cells of the TEC of another cortical area. In this way, selective activity in the TEC of one cortical area could be transmitted to the TEC of another area, effectively realizing some form of supradimensional location priming. Note that, in this scheme, there would not need to be one supradimensional saliency map of units that receive (integrate) input from the various cortical processing areas. Rather, the cooperative activity of the various TECs would behave as if there were such a map.
